A single-crystal Nd:YAG fiber with polished and coated endfaces has been operated as a monolithic, guided-wave laser oscillator. The 47-pm-diameter, 7-mm-length fiber oscillator operated with a threshold of 3.7 mW and a slope efficiency of 10.5%. Seventy-five percent of the laser power was in the fundamental spatial mode.
Single-crystal optical fibers offer the promise of compact, rugged, and highly efficient end-pumped laser oscillators. An advantage of the fiber geometry is the inherent excellent spatial overlap between the confined pump radiation and the oscillator's fundamental optical mode. This offers the potential for simple butt coupling of fiber oscillators to laser-diode and light-emitting-diode pump sources.
Short crystal fiber lengths previously have been used to make miniature Nd:YAG, [1] [2] [3] Nd:Y 2 0 3 , 4 and ruby 5 lasers. These lasers employed external mirrors adjacent to the fiber to form the resonator cavity. The finite mirror thickness precluded efficient butt coupling to LED pump sources 2 and complicated laser-diode pumping. 3 For most of these lasers the fiber's length was less than or comparable with the Rayleigh length of the fiber's lowest-order spatial mode. Thus the mode interacted only weakly with the fiber surface, so that fiber diameter variations were not a significant loss mechanism and pump-beam confinement was limited. Miniature monolithic Nd:YAG lasers using small, 2-mm-diameter laser rods have also been demonstrated. 6 In these miniature lasers the beam waist is determined by endface curvature, not by the fiber radial dimension as is the case for fiber lasers.
We have extended the earlier work and demonstrated the first reported monolithic single-crystal fiber oscillators. These laser oscillators are guided-wave devices with a fiber length five times the Rayleigh length of the fiber's fundamental spatial mode. In these oscillators the resonator structure is formed by the fiber waveguide and the polished and coated fiber endfaces. The first monolithic fiber oscillators were made in ruby cooled to 77 K. 7 In this Letter we describe a Nd:YAG monolithic fiber oscillator that had significantly improved laser performance compared with that of the earlier ruby system.
The Nd:YAG fibers used in the laser tests were grown by the miniature pedestal growth technique by using an apparatus developed in our laboratory. 8 The fibers were grown with active diameter control and had a rms diameter variation of 0.5%.9 Improvements in the endface polishing method reduced the endface losses to approximately 2%. As a result, the Nd:YAG fiber lasers had thresholds as low as 3.7 mW with a maximum slope efficiency of 10.5%. Seventy-five percent of the laser output power was in the fiber's fundamental spatial mode.
The fibers were grown from a 450-ym-diameter YAG rod doped with 1.1 wt. % neodymium. Two growths, each with a three-to-one diameter reduction, were necessary to reduce the fiber diameter to approximately 50 ,um. The neodymium dopant does not evaporate during YAG fiber growth, and thus the fiber's dopant concentration equaled that of the source rod.' Examination of thin fiber cross sections revealed no coring or stress birefringence.1"
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The fiber endfaces were fabricated by using the polishing fixture shown in Fig. 1 . Several slots were cut into a YAG block and fibers inserted in these slots. The slots were perpendicular to the block endface to within 0.5 mrad. An unslotted block was placed on top of the slotted block, the two blocks were mechanically clamped together, and the entire assembly was polished using conventional techniques. A 5-,Mmthick gold layer vapor deposited on the block faces cushioned the fibers in the slots and accommodated small irregularities in either the slot or the fiber dimensions. The gold eliminated the need for any waxes or epoxies in the polishing fixture. The absence of these organic materials permitted application of multilayer dielectric coatings to the fiber endfaces while the fibers remained in the polishing fixture.
The 590-nm radiation from a cw dye laser was used as the pump source for the monolithic Nd:YAG fiber measured laser slope efficiency and relaxation oscillation period as a function of pump power. The slope efficiency X and relaxation oscillation period -X are given by the relations 2 77 = XpT/X,(T + 2L) (1) and
where Xp is the pump wavelength, XI is the laser wavelength, T is the mirror transmission, L is the singlepass loss, tf is the upper-state lifetime, 1 is the fiber length, n is the fiber index of refraction, c is the speed of light in vacuum, and r is the number of times the pump power is above threshold. As shown in Fig. 4 , the functional dependence of the relaxation oscillation period on pump power is consistent with Eq. (2). By using the measured slopes from Figs. 2 and 4 , and Eqs.
(1) and (2), the values of L and T are calculated to be 7 t 2 and 3.4 ± 0.8%, respectively.
The fiber losses can also be estimated by equating the calculated gain coefficient and resonator loss at threshold. The unsaturated single-pass gain coefficient is given by the expression 2 g = -tfX.P/hcAp, laser tests. The radiation was focused into the fiber through the high-reflector endface. Laser radiation at 1064 nm was observed from the opposite fiber endface. The fibers remained mounted in the polishing fixture during these laser tests.
All Nd:YAG single-crystal fibers mounted and fabricated in the polishing fixture reached threshold and oscillated. However, some fibers had high cavity losses owing to badly chipped fiber endfaces. As shown in Fig. 2 , the best fiber had a slope efficiency of 10.5% with a laser threshold of 3.7 mW of absorbed 590-nm pump radiation. Figure 3 illustrates the spatial mode profile 43 mm away from the fiber. The profile consists of a central Gaussian mode above a background of higher-spatialfrequency modes. Seventy-five percent of the laser output power is in this central lobe. The width of this lobe was measured as a function of distance from the laser. As predicted from Gaussian beam theory, the beam width expands linearly with position in the far field. Calculating the beam waist at the fiber laser from the measured beam divergence yields a beam waist of 14 ptm. This is consistent with the 15-,um beam waist calculated from the fiber waveguide dimensions." 1 The resonator losses were calculated by using the where a-is the laser cross section, which is taken to be 3.3 X 10-19 cm 2 ,1 2 tf is the upper-state lifetime taken to be 230 psec, P is the absorbed pump power, h is Planck's constant, c is the speed of light in vacuum, and Ap is the effective pump area. The effective pump area is defined by the relation 1 3 
AP = Af/FKhkm)
where Af is the fiber area, FK/.km is the overlap factor, and the index pairs (K, y) and (k, m) characterize the signal and pump modes, respectively. In our case we are interested in the overlap of the fundamental signal and pump modes. The Folo, coefficient that describes this overlap equals 2.098. a is the fiber radius, Zk is the fiber propagation constant, a-is the deviation in the endface orientation from the plane perpendicular to the fiber axis, R is the endface curvature, b is the effective endface reflecting radius, and ba is the deviation about the mean diameter. The fiber laser parameters used in the computation of the right-hand column are a = 25 ptm and Zk = 11.8 cm-1 .
Based on these calculations, endface chipping contributes a 1% loss to the monolithic fiber oscillator experimentally studied. Endface orientation, measured to be perpendicular to within 0.7 mrad of the fiber axis, gives rise to a 2% loss. Fiber endface curvature should be comparable with polishing-block endface curvature. In this case the loss from endface curvature is negligible. The 0.5% rms variations in fiber diameter give rise to an estimated 1% loss. Assuming no material losses, this gives a total calculated single-pass loss of 4%. The difference between this value and the measured value of 7% probably stems from an underestimation of the waveguide losses.
In conclusion, the monolithic, single-crystal, Nd:YAG fiber oscillator described in this Letter represent a significant step toward realization of practical optical devices using single-crystal fibers. It demonstrates a relatively low-loss waveguide and reflector structure without the use of cumbersome external mirrors. The laser had a threshold of 3.7 mW with a slope efficiency of 10.5%. Seventy-five percent of the output power was in the fiber's fundamental transverse mode. The next step in this research is demonstration of a butt-coupled, laser-diode-pumped Nd:YAG fiber laser.
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